Objective: To determine pre-/intraoperative risk factors for anastomotic leak after colon resection for cancer and to create a practical instrument for predicting anastomotic leak risk. Background: Anastomotic leak is still the most dreaded complication in colorectal surgery. Many risk factors have been identified to date, but multicentric prospective studies on anastomotic leak after colon resection are lacking. Methods: Fifty-two hospitals participated in this prospective, observational study. Data of 3193 patients, operated for colon cancer with primary anastomosis without stoma, were included in a prospective online database (September 2011-September 2012. Forty-two pre-/intraoperative variables, related to patient, tumor, surgical procedure, and hospital, were analyzed as potential independent risk factors for anastomotic leak (60-day follow-up). A nomogram was created to easily predict the risk of anastomotic leak for a given patient. Results: The anastomotic leak rate was 8.7%, and widely varied between hospitals (variance of 0.24 on the logit scale). Anastomotic leak significantly increased mortality (15.2% vs 1.9% in patients without anastomotic leak, P < 0.0001) and length of hospitalization (median 23 vs 7 days in uncomplicated patients, P < 0.0001). In the multivariate analysis, the following variables were independent risk factors for anastomotic leak: obesity [P = 0.003, odds ratio (OR) = 2.7], preoperative serum total proteins (P = 0.03, OR = 0.7 per g/dL), male sex (P = 0.03, OR = 1.6), ongoing anticoagulant treatment (P = 0.05, OR = 1.8), intraoperative complication (P = 0.03, OR = 2.2), and number of hospital beds (P = 0.04, OR = 0.95 per 100 beds). A nastomotic leak (AL) is still the most dreaded surgical complication in colorectal surgery. Its reported incidence after large bowel resection varies widely from 1.8% 1 to 15.9% 2 because of heterogeneity in the AL definition, different patient inclusion criteria, and the retrospective nature of most studies. Increased morbidity, mortality (12% 3 -30% 4 ), length of hospitalization, 3 and costs 5 are well-known consequences of AL in colorectal surgery. It often results in reoperation and the need for a temporal or definitive stoma and, consequently, has a significant impact on the patient's quality of life.
A nastomotic leak (AL) is still the most dreaded surgical complication in colorectal surgery. Its reported incidence after large bowel resection varies widely from 1.8% 1 to 15.9% 2 because of heterogeneity in the AL definition, different patient inclusion criteria, and the retrospective nature of most studies. Increased morbidity, mortality (12% 3 -30% 4 ), length of hospitalization, 3 and costs 5 are well-known consequences of AL in colorectal surgery. It often results in reoperation and the need for a temporal or definitive stoma and, consequently, has a significant impact on the patient's quality of life. 6 Moreover, in colorectal resections for cancer, AL has been shown to impair longterm oncologic results, mainly due to delay in beginning adjuvant chemotherapy or its cancellation. 7, 8 Proximal diversion through a stoma reduces the feared consequences when AL occurs, 9 and it is routinely performed after rectal resection with total mesorectal excision in high-risk patients.
It has been previously shown that the surgeons who work according only to their clinical judgment lack predictive accuracy for AL 10 in intestinal surgery and are, therefore, unable to select patients at high-risk for AL. An accurate assessment of AL risk would help tailor treatment in colonic surgery. Unfortunately, the vast majority of the studies published on risk factors for AL after large bowel resection includes both colon and rectal resection. AL is typically higher after rectal resection. Therefore, in mixed series including colon and rectum, its risk factors in colon surgery remain "shadowed" by the typical risk factors for AL in rectal surgery (male sex, level of mesenteric artery ligation, distance from anal verge). [11] [12] [13] [14] To date, only 5 studies that focus exclusively on risk factors for AL after colonic resection have been published, 3, [15] [16] [17] [18] all of which are retrospective, one is a single-center study and includes benign pathology, 3 and another is not published in English. 17 These studies identify multiple risk factors but do not offer practical instruments to predict AL in daily clinical routine. Such an instrument could represent a fundamental resource to select high-risk patients who can benefit from the creation of a proximal stoma.
PATIENTS AND METHODS
This is a prospective, observational, multicentric study that focuses on the preoperative and intraoperative risk factors contributing to AL after colon resection for cancer.
The study protocol was presented on the Spanish Association of Surgeons' ("Asociación Española de Cirujanos", in Spanish) Web page and in several Surgical National Meetings held in 2011. Centers were included on a volunteer basis, and neither researchers nor participating hospitals were paid for their collaboration.
The study included patients with colon cancer (with its distal edge located at more than 15 cm from the anal verge, measured by rigid proctoscopy) treated with elective or emergent surgery, with local curative intention, in whom primary anastomosis with no protective stoma was performed. Patients were included consecutively over 1 year (September 2011-September 2012). The exclusion criteria were as follows: patients younger than 18 years, R2 cancer resection, and inclusion in other randomized clinical trials. Patients with missing information were also excluded from the data analysis.
Data were recorded by a senior surgeon from each participating center. Demographic, preoperative, operative, and short-term outcome data were sent by the investigator upon patient discharge. Further information about postoperative outcome was sent after office visits 60 days after surgery. Data were prospectively introduced online by researchers via a Web page created especially for the study, to which each researcher had personal access. To avoid errors while data were keyed in, the database had a limit range for each field. If data were contradictory, the researcher was asked to clarify it. During and after the inclusion period, controls of the entire database were carried out by comparing the attended and final surgical volume for each center. Those hospitals proven not to fulfill consecutive patient inclusion were excluded.
The outcome of interest was presence of AL during the first 60 postoperative days. According to the 1991 United Kingdom Surgical Infection Study Group, 19 in this study, AL was defined as "leak of luminal contents from a surgical join between 2 hollow viscera" diagnosed (1) radiologically, by a radiographic enema with hydrosoluble contrast or by computerized tomography (CT) with presence of intraabdominal collection adjacent to the anastomosis; (2) clinically, with evidence of extravasation of bowel content or gas through a wound or drain; (3) by endoscopy; or (4) intraoperatively.
The following variables were analyzed as potential risk factors for AL: hospital data (number of beds, public vs private hospital, teaching hospital, existence of a dedicated colorectal unit), patient's demographic data (sex, age), patient's medical history (arterial hypertension, cardiovascular disease, pulmonary disease, liver disease, medically treated for high blood cholesterol, previous abdominal surgery, other diseases), patient's ongoing treatment (steroids, anticoagulants, immunosuppressive drugs), patient's preoperative data [ASA (American Society of Anesthesiologists) score, serum hemoglobin, serum creatinine], patient's preoperative nutritional status (serum total proteins, serum albumin, obesity defined as body mass index > 30, use of parenteral nutrition), and surgical details [urgent vs elective surgery, preoperative stenting of tumor, localization of tumor, type of resection, type of anastomosis, manual vs mechanic anastomosis, type of operating surgeon (colorectal vs general surgeon), laparoscopic vs open approach, laparoscopic conversion, perioperative transfusions, abdominal drain, intraoperative complication, use of materials to reinforce anastomosis].
Details on postoperative outcome (60-day morbidity and mortality, length of hospitalization, reoperation) and on diagnosis and treatment of AL were also collected. Follow-up for infectious and noninfectious complications was carried out for 60 days after hospital discharge by means of office visits. Complications were recorded for all patients in accordance with previously defined criteria. Wound infections were diagnosed given the presence of clear signs of inflammation on the wound margin or purulent drainage from the wound. Patients were preoperatively assessed and then treated according to the perioperative protocols of the different participating hospitals. No radiological examinations were made in asymptomatic patients to discard presence of AL.
Intraoperative complications were defined as unexpected surgical adverse events that occurred in the operating room during surgery. These included iatrogenic injury of bowel, other organs or blood vessels, bleeding, stapling device malfunction, redoing anastomosis due to technical problems, and others.
The protocol was approved initially by the Ethical Committee of the Hospital Universitario de Getafe (Madrid, Spain) and then by the Ethical Committees of each participating hospital. Patients who met the inclusion criteria were explained the study and were asked to sign written informed consent.
Statistical Analysis
The results are reported in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology statement for observational studies. 20 Continuous variables are reported as the median and interquartile range, whereas categorical variables are reported as the number of patients or hospitals and percentage.
Differences in length of hospitalization between the various complication groups were tested with the Kruskal-Wallis test. A univariate analysis was performed to assess the association between AL and the different independent variables: continuous variables and discrete variables were analyzed by the Mann-Whitney U test and the χ 2 test, respectively. The variables associated with AL with a P < 0.1 were introduced into a logistic regression model to determine the independent risk factors. The coefficients derived from the multivariate analysis were used as weights in the nomogram to predict AL after colon resection for cancer. Moreover, these variables (P < 0.1 in the univariate analysis) were also used to develop a classification tree based on conditional inference, a nonlinear model that makes no assumption about data distribution.
Finally, because the patients from the same hospital are more likely to have a similar risk than those from other hospitals, the logistic regression model was extended with the "Hospital" variable as a random effect with random intercept to correct for the nonindependence of the data.
The discrimination power of the logistic regression model was summarized using the c-index and the model was validated employing 10-fold cross-validation. P < 0.05 was considered to indicate statistical significance (2-tailed test).
The statistical Package for Social Sciences (SPSS version 22.0.0; IBM SPSS statistics, IBM Corporation, Armonk, NY) was used for the descriptive and univariate analyses. The R software (version 3.0.2) was utilized for the logistic regression, the cross-validation of the model, and to build the nomogram ("rms" package) and the classification tree ("party" package).
After applying the inclusion and exclusion criteria, 3306 patients were included in the study. After the exclusion of 113 patients due to incomplete data, 3193 patients were finally considered for the data analysis ( Fig. 1) . Each hospital had a median of 54 patients (range: 13-153).
The majority of anastomoses were mechanical. Suture reinforcement with allogenic or synthetic material was performed in only 22 (0.7%) patients. An intraoperative complication was reported in 122 patients (3.8%) [bleeding (n = 69), anastomotic complication (n = 17), intestinal lesion (n = 16), urinary lesion (n = 12), others (n = 8)]. The demographic, preoperative, surgical, and pathological data for the whole patient group are reported in Table 2 .
Overall, the 60-day morbidity and mortality rates were 28.3% (904 patients) and 3.0% (97 patients), respectively. The wound infection rate was 14.0% (446 patients). AL was diagnosed in 277 patients (8.7%) between postoperative days 1 and 52 (median of 6 days, 25
• -75
• percentile 4-10 days). In 217 (78.3%) of them, reoperation was necessary and 178 (64.2%) underwent a stoma. In patients with AL, the mortality rate increased to 15.2% (vs 1.9% in patients without it, P < 0.0001). Details about diagnosis and treatment of patients with AL are reported in Table 3 .
The median postoperative length of hospitalization was 8 days (25
• percentile, 6-12 days) for the whole group. In uncom- In the univariate analysis, the following variables were associated with AL: male sex (P < 0.0001); preoperative serum creatinine concentration (P = 0.002); preoperative serum albumin concentration (P < 0.0001); preoperative serum total proteins (P < 0.0001); preoperative serum carcinoembryonic antigen (P = 0.04); obesity (P = 0.004); pulmonary disease (P = 0.004); ongoing anticoagulant treatment (P = 0.007); ASA score (P = 0.003); perioperative plasma transfusion (P = 0.05); urgent surgery (P = 0.04); intraoperative complication (P = 0.002); tumor localization (P = 0.03); and number of hospital beds (P = 0.02). In particular, 6 of the 17 (35.3%) patients with an intraoperative anastomotic complication had AL during the postoperative period. Details about the association in the univariate analysis between AL and the independent variables are reported in Table 4 (continuous variables), Table  5 (patient-related categorical variables) and Table 6 (surgery, tumor and hospital-related categorical variables.
In the multivariate analysis, the following variables were found to be independent risk factors for AL (Table 7) preoperative serum total proteins concentration (P = 0.93; OR = 0.7 per g/dL; 95% CI: 0.5-0.97); male sex (P = 0.03; OR = 1.6; 95% CI: 1.03-2.4); number of hospital beds (P = 0.04; OR = 0.95 per 100 beds; 95% CI: 0.90-0.99); and patient' s ongoing anticoagulant treatment (P = 0.05, OR = 1.8, 95% CI: 1.01-3.3). Regarding discrimination power, the model showed a raw c-index of 0.63 and a cross-validated c-index of 0.62. An Excel sheet was created to determine the risk for AL in individual patients by applying the logistic regression formula (Supplemental Digital Content 1, available at http://links.lww.com/ SLA/A671). Moreover, when the coefficients derived from the multivariate analysis were used as weights, a nomogram was constructed to determine the AL rate expected for a given patient (Fig. 2) .
To further simplify the logistic regression results and to create a practical tool to preoperatively identify patients at high risk for AL, a classification tree model was developed using the variables associated with AL in the univariate analysis. The tree model created a 2-level decision tree diagram, which included the preoperative serum protein concentration, intraoperative complications, and ongoing anticoagulant therapy as nodes and stratified patients into 4 different risk groups (Fig. 3 ): 1 high-risk group (patients with low serum total protein associated with an intraoperative complication); 2 medium-risk groups (patients with low serum total protein with no intraoperative complication, and patients with ongoing anticoagulant treatment); and 1 low-risk group (remaining patients).
Finally, the logistic regression model was extended with the "Hospital" variable as a random effect with a random intercept to correct for the nonindependence of the data: all the variables identified in the logistic regression, except for number of hospital beds, were confirmed as independent risk factors for AL. The variance of AL between the participating hospitals was 0.24 on the logit scale (Fig. 4) .
DISCUSSION
This study shows that the AL rate after colon resection for cancer is not negligible. Patient-related variables (male sex, obesity, ongoing anticoagulant treatment, and low serum total protein), surgery-related variables (intraoperative complication), and Data are expressed as number of patients (% calculated on the total of patients in the line).
hospital-related variables (number of beds) were the independent risk factors for AL in the multivariate analysis. AL significantly increased the mortality rate and length of hospitalization. Finally, 2 practical tools (nomogram and decision tree diagram) were constructed, which allowed the determination of the AL rate expected for a given patient.
The AL rate widely varies between studies. In previous series, including both colon and rectal resections, it ranged between 3.0% 11 and 15.9%, 2 whereas in the 5 series including only colon resections, 3, [15] [16] [17] [18] the AL rate ranged from 3.0% 17 to 6.4%. 15 The AL rate of the present series was 8.7%, which is higher than previously described. There are several reasons to justify this: first, this is the Copyright © 2014 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. Data are expressed as number of patients (% calculated on the total of patients in the line).
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FIGURE 2.
Nomogram for prediction of expected AL rate in a given patient, constructed using as weights the coefficients derived from the multivariate analysis. To calculate the probability of anastomotic leak, we first obtained the value for each predictor by drawing a vertical line straight upward from that factor to the points' axis, then summed the points achieved for each predictor, and located this sum on the total points' axis of the nomogram, where the probability of AL can be located by drawing a vertical line downward.
only prospective series published to date on AL after colon resection. Second, a broad definition of AL was used, including collection adjacent to the anastomosis detected by CT, as recommended by Rahbari et al. 21 Moreover, this is the only study to consider AL during the first 60 days after surgery. As shown by Hyman et al 22 ,
AL is frequently diagnosed late during the postoperative period and often after initial hospital discharge. For this reason, the AL rates reported in retrospective studies based on national registers [15] [16] [17] [18] 3 . Decision-tree diagram to predict the risk of AL in a given patient. This diagram is based on a classification tree model developed by using the variables that resulted association to AL at univariate analysis (P < 0.10). Observed AL rate is reported as number and percentage.
from 50 hospitals, the AL rate was 5.6% after colonic resection. 23 However, urgent surgery cases were not included and the formation of a loop stoma was not an exclusion criteria, which justifies the lower AL found if compared to our study performed in the same national setting.
In this study, 6 different variables were found to be independent risk factors for AL. Male sex has proven to be an independent risk factor for AL in several series, which include only rectal resection, 24, 25 or both rectal and colonic resections. 11, 13 To date, this has been explained by the fact that males have a narrower pelvis, which makes dissection technically more difficult, and prone to complications and leak. In our study, and in the studies by Krarup et al, 15 Kube et al, 17 and Masoomi et al, 18 all of which included exclusively colon resection, male sex was an independent risk factor for AL. In these cited studies, anatomical justification is not acceptable because rectal resections are not included. In an animal model, Ba et al 26 showed that androgens play an inhibitory role in the intestinal endothelial function and established the importance of sex in intestinal microcirculation. Further studies are required to confirm the presence of these differences in human intestinal endothelium and to correlate them to different AL rates between men and women.
Nutritional state is an important factor, which contributes to AL. Our data reveal that a low level of serum total proteins is an independent risk factor for AL. None of the multicentric studies on AL after colon resection [15] [16] [17] [18] has collected data on the patients' preoperative nutritional state. Other publications corroborate the findings of this study as they report a correlation between AL after colorectal resection and low levels of serum albumin [27] [28] [29] or total proteins. 30 Several studies have demonstrated the importance of preoperative and perioperative enriched enteral nutrition in diminishing postoperative complications in malnourished oncologic patients. 31, 32 Preoperative enteral nutrition should be recommended in these patients to reduce the risk of AL.
In this analysis, similarly to previous studies, [33] [34] [35] obesity is an independent risk factor for AL with an odd ratio of 2.7. Obesity is known to be a predisposing factor for the development of postoperative complications in abdominal surgery. 36, 37 Several hypotheses have been put forward to justify the association between obesity and AL: obesity may indicate a tissue structure and healing defect, or increased abdominal pressure may impair anastomosis microcirculation. Another hypothesis is that performing an anastomosis in obese patients is more demanding given increased mesocolon thickness. Further studies are necessary to determine which is correct.
All 5 studies on AL after colon resection evaluated patients' comorbidities with different criteria. 3, [15] [16] [17] [18] In 3 of them, 3, 15, 17 the ASA score was associated with AL in a univariate analysis, but it was an independent risk factor in a multivariate analysis in only one of them. 17 In 2 studies, 17, 18 other comorbidity variables were independent risk factors for AL in a multivariate analysis: chronic renal failure, 18 pulmonary disease, 18 liver disease, 17 and cardiovascular comorbidity. 17, 18 Likewise in this study, the ASA score, pulmonary disease, and ongoing anticoagulant treatment were associated with AL, but only ongoing anticoagulant treatment was found to be an independent risk factor for AL in the multivariate analysis, and perhaps defines a group of patients with serious cardiovascular comorbidities. Anticoagulant treatment was not evaluated in any of the other studies on AL after colon resection.
In our study, the incidence of an intraoperative complication was the only surgical variable that proved to be an independent risk factor for AL. A similar result was found in series including only colon resection, 3, 17 or both colon and rectal resection, 11 even if the intraoperative complication definition varied between studies. In some cases, an intraoperative complication directly affects anastomosis formation, whereas it may cause abdominal contamination in other cases, which may increase the risk of AL.
Finally, in this study, number of hospital beds was the only hospital-related variable found to be an independent risk factor for AL. Krarup et al 15 observed a correlation, be it not statistically significant (P = 0.07), between hospital case volume and AL after colon resection. No other studies have correlated AL after colon resection with hospital characteristics.
The importance of predicting the expected risk for AL in each patient is based on 2 concepts: prevention and early detection of AL. Prevention can be achieved by correcting existing risk factors-for example, malnutrition before surgery. In high-risk patients, different surgical strategies can also be adopted to prevent AL, such as reinforcing anastomosis with a suture or another material, or the formation of a diverting stoma to mitigate its consequences. 38 Further studies in AL high-risk of patients should be carried out to determine if any of these strategies can lower the rates of AL or mitigate its consequences.
When AL occurs, early detection and treatment are fundamental to diminish morbidity and mortality. 22 Unfortunately, a late AL diagnosis often occurs because of the misdiagnosis of cardiovascular complications 39 and false-negative radiological examinations. 40 Recently, our group showed that C-reactive protein and procalcitonin are reliable biomarkers for early detection of AL. 41 Stratifying AL risk can help clinicians carry out a more intensive clinical, biochemical, and radiological follow-up to early detect AL and diminish its consequences.
As far as the authors know, this is the first prospective multicentric study that focuses on AL risk factors after colon resection for cancer. Furthermore, variability between different hospitals has been analyzed for the first time. A nomogram and a decision tree diagram, which can be used in daily clinical practice, were also created to determine the AL rate expected for a given patient.
As a limitation of this study, it must be considered that only the patients who were clinically suspected of AL underwent further examination. For this reason, subclinical ALs were not systematically diagnosed, which may underestimate the AL rate. However, patients with derivative stoma were excluded and, for this reason, subclinical ALs are probably rare. The logistic regression model obtained from our sample and proposed in this article also lacks external validation, and further studies with different populations are necessary to confirm our model. 4 . Risk of AL in the different hospitals, coded as "anaco_0XX," as a result of the logistic regression model developed considering the variable "Hospital" as a random effect with random intercept to correct for the nonindependence of the data.
